Surface modification of polyethersulfone (PES) membrane surfaces using UV lozone pretreatment with sub sequent grafting and interfacial polymerization on membrane surface was investigated in order to improve the resistance of membrane surface to protein adsorption. The surface modifications were evaluated in terms of hydrophilicity, chemical composition of the surface and static protein adsorption. Tn both methods, poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG) and chitosan were chosen as hydrophilic polymers to chemically modify the commercial virgin PES membrane to render it more hydrophilic as these materi als have excellent hydrophilic property. Modified PES membranes were characterized by contact angle and XPS. Contact angles of modified PES membranes were reduced by 19 to 58% of that of the virgin PES mem brane. PES membrane modified with PEG shows higher wettability than other hydrophilic materials with the highest contact angle reduction shown for UV lozone pretreated, PEG grafted PES membrane surface. rn general, XPS spectra supported that the PES membranes were successfully modified by both grafting with UVlozone pretreatment and interfacial polymerization methods. The results of the static protein adsorption experiments showed all surface modifications led to reduction in protein adsorption on PES membranes; the highest protein adsorption reduction occurred with membrane modified by UV/ozone pretreatment fol lowed by PES grafting, which corresponded to the highest contact angle reduction. However. there seems to be no clear correlation between contact angle reduction and reduction in protein adsorption in the case that involved chitosan. Nevertheless. membranes modified with chitosan do show higher reduction in protein adsorption than membranes modified with other materials under the same conditions. © Koninklijke Brill NV, Leiden, 201 1
Introduction
Protein adsorption on polymer surfaces from liquid phase is a common phenom enon that has many different implications. Often, it is an undesirable event and reduction of protein adsorption on polymer surfaces is the focus of research in certain fields of membrane separations and biomedical engineering. The extent of protein adsorption depends on the various types of interactions between pro tein molecules and polymer surface such as van der Waals interaction, electrostatic interaction, hydrophobic interaction, dipole-dipole interaction and hydrogen bond ing [l] . One of the main factors enhancing the protein adsorption on a polymer is the hydrophobic interaction between the polymer surface and protein molecules. Therefore, protein adsorption on a polymer can be reduced by rendering hydropho bic polymer more hydrophilic though surface modification. In membrane separation processes, it is also easier to clean the hydrophilic membrane because the adsorbed protein molecules can be easily removed from the hydrophilic surface [2] .
Many researchers have found that increase in hydrophilicity of polymers sig nificantly reduced the protein adsorption and fouling [3, 4] as protein-polymer interaction was less on a more hydrophilic surface. Unfortunately, the most com mercial polymeric materials used for membrane separations (ultrafiltration and mi crofiltration) and biomedical devices are relatively hydrophobic as most hydrophilic polymers have some drawbacks with respect to their mechanical, thermal and chem ical stability.
Surface modification of polymers is an attractive approach to reduce protein adsorption on a membrane surface. There are two main categories of polymer sur face modifications: chemical and physical modifications. Physical modification of a polymer surface involves exposure of polymer to flame, plasma, radiation [5] and ion beams and is time-dependent [6] . Chemical surface modification of polymers entails chemical reaction between polymer surface and functional groups and the modified surface is relatively stable over time. Surface modification of polymeric membranes involves formation of two distinct layers made of two different poly meric materials on the surface. The thin surface layer governs the selectivity, flux, and adsorption of solute while the thick substrate layer provides the mechanical strength and chemical stability. In the case of protein separation or concentration using membrane processes, surface modification of polymeric membranes largely takes the form of incorporating hydrophilic functional groups or layers onto the membrane surface layer. Over the years, several schemes have been tested and eval uated in order to improve surface resistance to protein adsorption: the incorporation of hydrophilic polymers through blending [7, 8] , coating [9] and surface grafting [2, 10, Il] . Such a surface modification of hydrophobic membrane to hydrophilic can reduce the hydrophobic interaction between the protein and the polymeric membrane surface and, thus, the amount of protein adsorbed and membrane fouling.
In this study, hydrophilic poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG) and chitosan were used as hydrophilic polymers for surface modification. Poly(vinyl alcohol) has been well known for its excellent film forming property, emulsifying property and minimal cell and protein adhesion property [12, 13] . PYA is also resistant to oil and solvents. Poly(ethylene glycol) showed extraordinary antifouling property to protein adsorption due to its hydrophilicity, flexible long chains, large exclusion volume and unique coordination with surrounding water molecules in an aqueous solution [14] . Chitosan is a linear polyelectrolyte carrying positive charges and has been identified as a non-toxic, biodegradable, biocompati ble and hydrophilic polysaccharide. Chitosan-based membranes have been used for protein separations [15] .
The surface modification methods used for this study are polymer grafting and interfacial polymerization. The hydrophilic polymer grafting using UV/ozone and the thin film composite (TFC) by interfacial polymerization were studied to improve the hydrophilicity of the PES membrane surface. The polymer grafting methods have been shown to be successful in increasing the surface hydrophilicity and the permeability and decreasing the membrane fouling during the protein filtration [16] [17] [18] . Among the various physical methods for the initiation, UV10zone (UVO) pretreatment is very easy, fast, and a low cost way to activate the polymeric mem brane surface. Interfacial polymerization (lP) is a powerful technique for fabrication of composite membranes having a very thin active layer. Although it has been used for the surface modification of reverse osmosis membranes, interfacial polymer ization technique can also be useful for nanofiltration and ultrafiltration [19, 20] . Interfacial polymerization technique is based on a polycondensation reaction which takes place at the interface between two immiscible phases (one is organic solvent and the other one is water phase). A very fast polymerization reaction often occurs between two very reactive monomers at the interface of two immiscible liquids each containing one of the monomers (polyamine in water phase and poly(acyl chloride) in organic solvent) and the polymer precipitates quickly, forming a thin dense polyamide film [6, 21, 22] . Because the thin active layers formed by inter facial polymerization contain hydrophilic polymers, they can reduce the protein adsorption and membrane fouling.
The objective of this study was to employ polymer grafting and interfacial poly merization techniques to modify polyethersulfone (PES) ultrafiltration membrane in order to reduce the protein adsorption on the surface of the polymer; the mod ified membrane surfaces were characterized by X-ray photoelectron spectroscopy (XPS) and contact angle measurements. The static adsorption of ,B-Iactoglobulin (a model whey protein) on unmodified and modified PES membrane surfaces was measured and compared.
Materials and Methods

Materials
The flat sheet ultrafiltration membrane, polyethersulfone (PES), was purchased from Sterlitech Corporation (Kent, WA). Molecular weight cut-off (MWCO) of the flat sheet PES membrane is 20000. Terephthaloyl chloride (TC), m-phenyl 
Modification Methods
The modifications of PES membrane surfaces using grafting and interfacial poly merization were conducted using UV lozone pretreatment to graft PYA, PES and chitosan on three samples of PES, and coating PYA, PEG and chitosan layers through interfacial polymerization. The description of the modification experimen tal design is shown in Table 1 .
Grafting Polymers Using UV/Ozone Pretreatment
Grafting of hydrophilic polymers using UV/Ozone pretreatment on a hydrophobic polymer surface is a combination of physical and chemical modifications. Physi cal modification such as plasma and ion beams, though potent and speedy, could lead to regression of the modified surface over time. Chemical reaction is re quired after physical modification to maintain and improve the hydrophilicity of polymeric membrane. UV lozone pretreatment was carried out to activate the PES membrane surface for grafting of hydrophilic polymers. The procedure for graft ing of hydrophilic polymers on PES membranes after UV lozone pretreatment has been described in an earlier study [23] ; it consists of using a dried small piece of PES flat membrane that was exposed to UV lozone pretreatment ranging from 1 to 30 min. Peroxide groups were formed on the activated membrane surface by ozone treatment. The peroxide groups generated on the membrane surface re acted with hydrophilic polymers such as PYA, PEG and chitosan. were rinsed with distilled water for 24 h to remove unattached hydrophilic polymers from the PES membrane surface and vacuum dried.
Thin Film Composite Formation by Inteifacial Polymerization (IP)
The second surface modification method for the PES membrane was conducted by fabricating a hydrophilic polymer/polyamide composite thin layer on the PES membrane surface by interfacial polymerization. Interfacial polymerization is an effective method for fabricating composite membranes with a very thin active layer (usually 10 to 20 nm). The schematic of the interfacial polymerization used for sur face modification is shown in Fig. 2 . The polymeric membranes were immersed in 1% (w/v) terephthaloyl chloride (TC) in benzene for 20 min. After 20 min, the membranes were exposed to the aerator for one minute to remove the excess TC solution from the membrane surface. The membranes were then immersed into aqueous solution containing m-phenylenediamine and hydrophilic polymers, such as PYA, PEG and chitosan, to form composite membrane surface layers by inter facial polymerization. This fabricated PES membranes were rinsed with deionized water and then dried at room temperature for 24 h.
Characterization of Modified PES Membranes
The surface properties of the modified PES membranes were evaluated and their properties were compared to those of the virgin membrane. The surface wettability and chemical composition of the modified PES membranes were characterized with contact angle measurements and XPS.
Contact Angle Measurement
The contact angles of the unmodified and modified PES membranes were measured using the sessile drop method on a YCA Optima surface analysis system (Advanced Surface Technology, Billerica, MA). A 28 gauge blunt-tip needle was attached to the YCA Optima micrometer for dispensing a 2 111 deionized water droplet onto the surface of membrane samples. Five measurements were made for each sample and used to determine the average and standard deviation.
XPS Study
XPS is a powerful technique for characterizing the chemical composition of the top few atomic layers at the surface of a solid. A beam of X-rays impinging on a surface causes the ejection of electrons from core levels in the atoms due to the photoelectric effect. When a monochromatic source of X-rays of known energy (1253.6 eY for Mg Ka and 1486.6 eY for AI Ka) is used, the binding energy can be determined if the kinetic energy of the electrons is measured. The kinetic energy of the ejected electrons is equal to the difference between the energy of the X -rays and the binding energy, Eb:
in where v is the wavelength of the incident photons, Eb is the binding energy of the core level from which the electron is ejected. XPS cannot only determine the ele mental composition of a surface (C, 0, N, S, etc.) but also provides insights into the chemical bonding at the surface. XPS is a highly surface-specific analytica1 tech nique used to obtain the chemical structure and atomic composition of a material. XPS spectra of virgin and modified PES membranes were recorded with a Kratos XSAM 800 X-Ray Photoelectron Spectrometer (Manchester, UK) using a mono chromatic AI Ka X-ray source (1486.6 eY photons) at 350 Wand 15 kYo The take-off angle was 90°. Analysis of the high-resolution XPS spectra for unmodi fied and modified PES membranes was based on [24] . In all cases, a Gaussian peak shape was used and the analyses were performed with the binding energies and full width-at -half-maximum (FWHM) ofthe peaks kept constant at the literature values but with varied intensities.
Protein Adsorption on Modified PES Membranes
Static adsorption of t3-Jactoglobulin on the modified PES membrane surfaces was studied with a UV-Vis spectrophotometer using the absorbance at 280 nm to mea sure the decrease of the amount of protein adsorption due to two types of surface modifications, which has been used in static protein adsorption on UV/ozone pre treated membrane surfaces [23] . For this study, the concentration of ,a-lactoglobulin used was chosen at 2.5 mg/ml and solution pH was 3.0 where the maximum adsorp tion was observed in a previous study [25] .
Results and Discussion
Contact Angle Measurements
Contact angles of the modified PES membranes with UVlozone pretreatment from a previous study [23] were compared to contact angles of the IP modified mem branes and compiled in Table 2 along with that of the virgin PES membrane. It is clear that contact angle of PES membranes was reduced by 20 to 50% by the two surface modification methods. Generally, the reduction in contact angle of the mod ified PE.~ membranes was larger using hydrophilic polymer grafting with UV lozone treatment than by using interfacial polymerization. PEG and chitosan grafted PES membranes showed the lowest contact angle of 35 to 36° [23] . Based on the contact angle data, these two modified PES membranes were expected to show the low est protein adsorption. The PES membranes modified by interfacial polymerization formed polyamide layers on the membrane surface. These modified membranes showed relatively higher contact angles from 40 to 50°, as compared to the hy drophilic polymer grafted PES membranes using UV/ozone pretreatment. A lower contact angle means that the modified membrane was altered to a more hydrophilic surface and it could be expected to lower protein adsorption because the hydropho bic interaction would be reduced.
As shown in Table 2 , contact angles of the modified PES membranes were re duced by 20 to 50% vis-a-vis virgin PES membrane. Generally, contact angles of hydrophilic polymer grafted PES membranes by UV/ozone pretreatment were lower than those obtained by interfacial polymerization because UV/ozone is more powerful to improve the hydrophilicity of polymeric membrane as it can form free oxygen groups on the membrane surface. Contact angles of the modified PES mem branes are different with the type of hydrophilic polymer. PYA modified membranes by both UVlozone pretreatment and interfacial polymerization showed almost same contact angles which were about 52°. But PEG and chitosan modified membranes showed significant difference in their contact angles by UV/ozone and interfacial polymerization. Among the modified PES membranes, PEG and chitosan grafted membranes using UV lozone showed the lowest contact angle which was about 36 to 37°. Based on the contact angle results, these two membranes (UVO-PEG and UVO-<:hitosan) can be expected to show the lowest protein adsorption.
XPS Results
In order to obtain further information about the composition changes of the mod ified PES membrane surfaces, unmodified and modified PES membranes were subjected to XPS analysis. First of all, the surface compositions and the atomic percentages of virgin PES membrane are shown in Table 3 and the high-resolution Cis, 01s, Nls and SZp XPS spectra are shown in Fig. 3 . The atomic percentages of unmodified PES membrane are 71.8% for carbon, 22.0% for oxygen and 5.3% for sulfur; the ratio of oxygen to carbon is 0.3 and the ratio of sulfur to carbon is 0.1. Figure 3 shows that the CIs core-level spectrum can be deconvoluted into three peak components. Carbon atoms at the PES surface exhibit core-level binding energies of 285.16 eV for the C-H and C-C species, 286.57 eV for the c-o species and 292.00 eV for the C-C species on the aromatic benzene rings (Fig. 3a) . The atom percentages are 50.0% for the C-C species, 17.5% for the C-S species, and 4.3% for the C-C species in aromatic benzene rings. The Ols core-level spectrum can be deconvoluted into two peak components at 531.8 e V for the O=S species and 533.5 eV for the O-C species. The atom percentages are 14.7% for the O=S=O species and 7.3% for the O-C species. The SZp core-level spectrum of virgin PES membrane can be deconvoluted into only one peak component with a binding en ergyat 168.6 eV, this can be associated with the sulfone group of PES membrane. The atom percentage of sulfone is 5.2%. Figure 4 shows the high-resolution CIs, 0ls, Nls and S2p XPS spectra of 20% (w/v) PYA grafted PES membrane surface layer using UV/ozone pretreatment (sample 2). The Cis core-level spectrum of PYA grafted PES membrane using UV /ozone pretreatment can be deconvoluted into three peak components with bind ing energies at 284.7 eV for the C-H and C-C species, at 286.2 eV for the C-O species and at 288.9 eV for the C=O species. The new peak component at the binding energy of 288.9 eV is assigned to the C=O species formed by UV/ozone pretreatment. The 015 core-level spectrum of the PYA grafted PES membrane us ing UV/ozone pretreatment can be deconvoluted into three peak components with treatment. The PYA grafted PES membrane has no peak of sulfur component This means that PYA grafted layer might have formed a thick layer which could cover the entire membrane surface, so XPS could not detect the sulfone groups of the PES membrane. Figure 5 shows the high-resolution CIs, 015, Nls and S2p XPS spectra of 20% (w/v) PEG2000 grafted PES membrane surface using UV/ozone pretreatment. The CIs core-level spectrum of PEG2000 grafted PES membrane using UV/ozone pre treatment can be deconvoluted into four peak components with binding energies at 284.7 eV for the C-H and C-C species, at 286.1 eV for the c-o species, at 287.0 e V for the c=o species and at 291.5 e V for the C-c species on the aromatic benzene rings (Fig. 5a) level spectrum of PEG2000 grafted PES membrane using UV lozone pretreatment can be deconvoluted into three peak components with binding energies at 531.7 eV for the O-S and O-H species, at 532.1 eV for the O=C species and at 533.2 eV for the O-C species. The new peak component at the binding energy of 532.1 e V is assigned to the O=C species formed by UV/ozone pretreatment. Sulfur was still observed in the spectrum after PEG2000 grafting onto the PES membrane surface. The S2p core-level spectrum of PEG2000 grafted PES membrane can be deconvo luted into only one peak component with a binding energy at 167.8 e V, this can be taken as being characteristic of the sulfone group of PES membrane. This result indicates that the membrane surface was not thoroughly covered by a thick layer of the grafted PEG chains but PEG grafting clearly occurred on the PES membrane. Figure 6 shows the high-resolution Cis, 0ls, N Is and S2p XPS spectra of 1% (w/v) chitosan grafted PES membrane surface using UV/ozone pretreatment The Cis core-level spectrum of chitosan grafted PES membrane using UV/ozone pre treatment can be deconvoluted into three peak components with binding energies at 284.9 eV for the C-H and C-C species, at 286.1 eV for the C-O species and at 288.0 eV for the C=O species. The new peak component at the binding energy of 288.0 e V is assigned to the C=O species formed by UV lozone pretreatment. The 0 I s core-level spectrum of chitosan grafted PES membrane using UV lozone pretreatment can be deconvoluted into two peak components with binding energies at 531. tosan has free amine groups. Sulfur was still observed in the spectrum after chitosan grafting onto the PES membrane surface. The S2p core-level spectrum of chitosan grafted PES membrane can be deconvoluted into only one peak component with a binding energy at 168.7 e V, this can be taken as being characteristic of the sul fone group of PES membrane. This result indicates that the membrane surface was not thoroughly covered by a thick layer of the grafted chitosan molecules, but chi tosan grafting clearly occurred on the PES membrane. Among hydrophilic polymer grafted PES membranes, only PYA grafted PES membrane formed a thick PYA layer which could entirely cover the virgin PES membrane, Figure 7 shows the high-resolution CIs, Ols, Nls and S2p XPS spectra of polyamide/PVA modified PES membrane surface by interfacial polymerization. The CIs core-level spectrum of polyamide/PVA modified PES membrane can be deconvoluted into three peak components with binding energies at 284.4 e V for the C-H and C-C species, at 285.9 e V for the C-O species and at 288.7 e V for the C=O species. The new peak component at the binding energy of 288.7 eV is assigned to the C=O species of the synthesized polyamide in polyamidelPVA modified PES membrane. The Ols core-level spectrum of polyamidelPVA modified PES mem brane surface by interfacial polymerization can be deconvoluted into three peak components with binding energies at 531.1 e V for the O-S and O-H species, at 532.0 eV for the O=C species and at 533.4 eV for the O-C species. The new peak component at the binding energy of 532.0 eV is assigned to the O=C species of the synthesized polyamide in polyamidelPVA modified PES membrane. The new peak in the NJs core-level spectrum of polyamidelPVA modified PES membrane can be deconvoluted into two peak components with binding energies at 399.4 eV and at 400.8 e V which are associated with amide groups. The new peak in N Is core level spectrum verifies that polyamide layers have been formed successfully on the PES membrane surface by interfacial polymerization. Sulfur was still observed in the spectrum of polyamidelPVA modified PES membrane surface. The S2p core level spectrum of polyamidelPVA modified PES membrane can be deconvoluted into only one peak component with a binding energy at 168.6 e V, this can be taken as being characteristic of the sulfone group of PES membrane. This result indicates that the membrane surface was not thoroughly covered by a thick polyamide layer with PYA, but polyamidelPVA layers clearly occurred on the PES membrane. Figure 8 shows the high-resolution Cis, Ols, Nis and S2p XPS spectra of polyamideIPEG2ooo modified PES membrane surface by interfacial polymerization. The CIs core-level spectrum of polyamide/PEG2ooo modified PES membrane can be deconvoluted into four peak components with binding energies at 285.0 eV for the C-H and C-C species. at 286.4 e V for the C-O species and at 288.0 e V and at 289.9 eV for the C=O species. The new peak components at the binding energies of 287.9 eV and 289.9 eV are assigned to the c=o species of the synthesized polyamide in polyamidelPEG2000 modified PES membrane. The Ols core-level spectrum of polyamideIPEG2oo0 modified PES membrane surface by interfacial polymerization can be deconvoluted into three peak components with binding en ergies at 531.1 e V for the Q-.S and Q-.H species, at 532.5 e V for the O=C species and at 533.6 eV for the O--C species. The new peak component at the binding en ergy of 532.5 eV is assigned to the O=C species of the synthesized polyamide in polyamidelPEG2000 modified PES membrane. The new peak in the N Is core-level spectrum of polyamidelPEG modified PES membrane can be deconvoluted into two peak components with binding energies at 399.9 eV and at 401.6 eV which are as sociated with amide groups. The new peak in N Is core-level spectrum verifies that polyamide layers have been fabricated on the PES membrane surface by interfa cial polymerization. Sulfur was still observed in the spectrum of polyamidelPEG modified PES membrane surface. The S2p core-level spectrum of polyamidelPEG modified PES membrane can be deconvoluted into only one peak component with a binding energy at 168. group of PES membrane. This result indicates that the membrane surface was not thoroughly covered by a thick polyamide layer with PEG, but polyamideIPEG2ooo layers clearly occurred on the PES membrane. Figure 9 shows the high-resolution Cis, Ols, Nls and S2p XPS spectra of polyamidelchitosan modified PES membrane surface by interfacial polymerization. The CIs core-level spectrum of polyamide/chitosan modified PES membrane can be deconvoluted into three peak components with binding energies at 284.7 eV for the C-H and C-C species, at 286.3 eV for the C-O species and at 287.9 eV for the C=O species. The new peak component at the binding energy of 287.9 eV is assigned to the C=O species of the synthesized polyamide in polyamide/chitosan modified PES membrane. The Ols core-level spectrum of polyamidelchitosan mod Hied PES membrane surface by interfacial polymerization can be deconvoluted into three peak components with binding energies at 531.5 e V for the O-S and O-H species, at 532.7 eV for the O=C species and at 533.3 eV for the O-C species. The new peak component at the binding energy of 532.7 eV is assigned to the O=C species of the synthesized polyamide in polyamide/chitosan modified PES mem brane, The new peak in the N Is core-level spectrum of polyamide/chitosan modified PES membrane can be deconvoluted into two peak components with binding ener gies at 399.2 eV and at 401.5 eV which are associated, respectively, with amide groups of polyamide layer and amine groups of chitosan. The new peak in N Is core-level spectrum verifies that polyamide layers have been fabricated success fully on the PES membrane surface by interfacial polymerization. Sulfur was still observed in the spectrum of polyamide/chitosan modified PES membrane surface. The S2p core-level spectrum of polyamide/chitosan modified PES membrane can be deconvoluted into only one peak component with a binding energy at 168.0 e V, this can be taken as being characteristic of the sulfone group of PES membrane. This result indicates that the membrane surface was not thoroughly covered by a thick polyamide layer with chitosan, but polyamidelchitosan layers clearly were present on the PES membrane. Table 4 shows the XPS atomic percent concentrations and O/C, N/C and SIC ratios for modified PES membranes. Generally the carbon composition decreased and the oxygen composition increased by surface modification. Polymeric mem brane surface might be rendered more hydrophilic with more oxygen components which could interact with water molecules. Because many free oxygen groups could be generated by UV lozone pretreatment, the oxygen composition of the modified membranes using UV /ozone pretreatment increased but chitosan grafted membrane showed a slightly higher carbon composition and lower oxygen composition. The nitrogen composition of chitosan grafted membrane was about 5.0% and sulfur composition was reduced from 5.3 to 1.9%. These results support that chitosan molecules were grafted successfully on the PES membrane surface.
Protein Adsorption 011 Mod~fied Membranes
Static adsorption of ,B-Iactoglobulin on the modified PE.!;) membrane surfaces was compared between grafting of hydrophilic polymer with UV/ozone pretreatment [23] and interfacial polymerization. The adsorbed amounts on both virgin and mod ified PES membranes are listed in Table 5 . As shown in Table 5 , the amount of ,B-lactoglobulin adsorbed on the PES membrane was reduced by 20 to 60% by surface modification. Among the modified PES membranes, PEG2000 grafted PES membrane using UV/ozone pretreatment showed the lowest protein adsorption. Because this membrane showed lowest contact angle the hydrophobic interaction between protein and modified PES membrane should greatly decrease. However, chitosan grafted PES membrane using UV/ozone pretreatment showed highest pro tein adsorption on the modified PES membrane even if the contact angle of this *Adsorption data from modified PES membranes with hydrophilic polymers grafting after UV/ozone pretreatment are from [23] .
membrane showed the lowest value; but it still showed lower protein adsorption than that of the virgin PES membrane. Although it could reduce the hydropho bic interaction between protein and modified membrane, the chitosan grafted PES membrane could increase the peptide bonds between free amine groups in chitosan and hydroxyl groups in protein. Therefore, the protein adsorption increased in this chitosan grafted PES membrane. Also the protein adsorption could increase more with more chitosan molecules grafted on the PES membrane.
Conclusions
Surface modification of PES membrane was investigated to improve its hy drophilicity and reduce protein adsorption. Grafting of hydrophilic polymers using LTV/ozone pretreatment and thin film composites by interfacial polymerization both improve the hydrophilicity of the commercial PES membrane. Modified PES mem branes were characterized by contact angle and XPS. Contact angles of modified PES membranes were reduced by 20 to 60% vis-a-vis the virgin PES membrane. XPS spectra supported that the PES membranes were successfully modified by hy drophilic polymers grafting using LTV/ozone pretreatment as well as by thin film composite formation by interfacial polymerization. Hydrophilic polymer grafted PES membranes using LTV/ozone pretreatment show generally lower contact angles and lower protein adsorption in comparison with membranes modified by interfacial polymerization. These results indicated that the PES membrane with more hydrophilic surface could reduce the protein ad sorption because it could reduce the hydrophobic interaction between protein and membrane. However, the relationship between reduction in contact angle and re duction in protein adsorption is more complicated as more than one factor affect the amount of protein adsorption on polyethersulfone.
